Graft-versus-host disease (GVHD) is a severe disorder and despite therapeutic efforts to decrease its distressing clinical manifestations, treatment is still not optimal. Here we report the results of studies, in which the purine analogue, fludarabine phosphate, was used in an attempt to modify and decrease GVHD after stem cell transplantation, across major histocompatibility barriers for murine leukemia. B-cell leukemia (BCL-1) bearing (BALB/ c Â C57BL/6) F1 mice received two cycles of fludarabine (0.8 mg/kg) for 5 days every 2 weeks, followed by 400 mg/ kg cyclophosphamide i.p. Animals were then transplanted with C57BL/6 precursor cells and the development of leukemia and extent of GVHD was monitored both clinically and histopathologically. In the fludarabinetreated group, only nine of 28 (32%) mice developed leukemia, compared to 25 of 33 (76%) of control animals (P ¼ 0.0006 ). Mice treated with fludarabine-containing regimens prior to transplantation also had much less GVHD both clinically and at autopsy, while graft-versusleukemia appeared to be augmented in the same animals.
host disease incidence; graft-versus-leukemia; hematopoietic stem cell transplant; murine lymphocytic leukemia Fludarabine used as a single agent or in combination with other drugs has been extensively used in recent years for the treatment of a variety of hemato-oncologic disorders, and has been shown to be most effective in indolent lymphoproliferative disorders, particularly chronic lymphocytic leukemia (CLL) and follicular lymphoma. [1] [2] [3] Furthermore, fludarabine-containing combination regimens have also been used in the treatment of aggressive lymphomas as well as in acute leukemia. [4] [5] [6] [7] Most recently, it has been incorporated into nonmyeloablative cytoreduction regimens and used as for immunosuppression in the novel mini-allogeneic transplant procedure used in recent years for a variety of hematological disorders. [8] [9] [10] In fact, fludarabine is the anchor drug in these regimens. The cytotoxic potential of fludarabine against T lymphocytes, coupled with its immunosuppressive qualities, has made it an attractive choice for both chemotherapy and immunomodulation, during allogeneic transplantation for leukemia. 11, 12 Indeed, the use of fludarabine-containing regimens has altered the incidence, and the degree of graftversus-host disease (GVHD) in these patients and this regimen is used currently in a number of transplant centers. [8] [9] [10] [11] [12] [13] Despite the impressive results in human hematopoietic stem cell transplantation, fludarabine has as yet not been adequately tested in animal models. In this respect, there is some recent experimental evidence showing that it may be effective in transplantation across histocompatibility barriers in mice.
14 Furthermore, it is also able to induce bilateral tolerance or stable chimerism after marrow or skin transplantation, 15 thereby altering the incidence of graft rejection and the extent of GVHD encountered. In earlier pilot murine studies, we were also able to show an anti-GVHD prophylactic effect after marrow transplantation in mice. 16 In the present study, we report the results of a series of experiments using the combination of fludarabine and cyclophosphamide as cytoreduction during allogeneic stem cell transplantation for murine leukemia. In these studies, we attempted to mimic human leukemias clinically and determine whether fludarabine could decrease the intensity and incidence of acute GVHD, while preserving or even enhancing the simultaneous graft-versus-leukemia (GVL) effect in this experimental model.
Material and methods
All animal procedures utilized in the present study were approved by the Institutional Committee for Animal Experimentation. , bone marrow or spleen cells. The mice purchased from the Harlan Breeding Facility (Jerusalem, Israel) were kept in a standard animal facility with top-filtered cages. Cages, sawdust and water bottles were autoclaved once a week. Neomycin sulfate, at a concentration of 0.5%, was given in the drinking water for 2 weeks post-transplantation. Fludarabine monophosphate (Schering, Berlin, Germany) and cyclophosphamide (ASTA medica Ig, Frankfurt/Main, Germany) were given intraperitoneally.
MHC-BMT model

Stem cell transplantation
Bone marrow cells were prepared by flushing RPMI medium through the femora and humeri of donors with a 9-25-gauge needle. Spleens were removed aseptically from donor mice, teased through a nylon mesh into RPMI 1640 medium (GIBCO, Grand Island Biological Co., Grand Island, NY, USA) and washed twice. Spleen cells (20 Â 10 6 per recipient mouse) were injected intravenously into the lateral tail vein.
Statistical evaluation
The t-test was used for comparison between fludarabinetreated and control animals.
Murine B-cell leukemia (BCL-1)
BCL-1, as previously described in BALB/c female mice,17 was maintained in vivo by intravenous (i.v.) passage of 10 6 -10 7 peripheral blood lymphocytes (PBLs) obtained from tumor-bearing mice. All untreated recipients of BCL-1 cells (X100 cells) consistently develop splenomegaly followed by marked lymphocytosis in the peripheral blood and all animals die from leukemia. 17 PBL counts of all experimental groups were carried out weekly. Clinical onset of leukemia was defined as PBL counts exceeding 20 000/mm 3 .
Monitoring of GVHD
Mice were observed daily for survival and clinical signs of GVHD, manifested as diarrhoea, weight loss and ruffled skin.
Experimental design
Basically, three different protocols were used.
Experiment 1: This attempted to assess the effect of the fludarabine-containing regimens on BCL-1 leukemia in F-1 mice without transplant.
Mice were injected with 10 4 BCL-1 leukemia cells and 1 day later received 3 doses of fludarabine (0.3, 0.5, or 0.7 mg/ kg) i.p. for 3 days. A day after the administration of fludarabine, mice also received 100 mg/kg cyclophosphamide. The mice were followed for 2 months and the incidence of leukemia and survival were recorded.
Experiment 2: Designed to assess the effect of fludarabine followed by cyclophosphamide and stem cell transplantation given as treatment for BCL1 1eukemia in F-1 mice. This protocol attempted to mimic the clinical situation of partially responsive disease in humans with leukemia where therapy is followed by allogeneic stem cell transplantation.
F-1 mice received 10 5 BCL-1 leukemia cells and 1 day later 0.8 mg/kg fludarabine was given for 5 consecutive days. After 2 weeks, the mice received another 5 days cycle of 0.8 mg/kg fludarabine, followed by 400 mg/kg i.p. cyclophosphamide 2 weeks later. A day after the above treatment with cyclophosphamide, animals were transplanted with 10 Â 10 6 C57BL/6 bone marrow cells and 2 Â 10 6 spleen cells. Control animals received saline instead of fludarabine. The experiments performed with this schedule were repeated on four separate occasions.
Experiment 3: This experiment tried to evaluate the effect of fludarabine and allogeneic transplantation compared to syngeneic transplantation in leukemic mice. F-1 mice were treated with 0.8 mg/kg fludarabine or saline twice a week for 2 weeks. The mice were injected with 400 mg/kg cyclo i.p. 10 days later. The mice were transplanted with 20 Â 10 6 C57BL spleen cells or F-1 spleen cells 24 h later. The effect of fludarabine on GVHD across major histocompatibility (MHC) barriers was assessed in all these experiments.
Results
Experiment 1: Four of the 10 mice receiving 0.3 and 0.5 mg/kg fludarabine and cyclophosphamide survived more than 2 months. Mice that received 0.5 mg/kg fludarabine only developed leukemia within 45 days. Two of the five mice treated with cyclophosphamide only survived more than 2 months. In the group of six mice receiving 0.7 mg/kg fludarabine and the same dose of cyclophosphamide, three (50%) survived, all control mice developed leukemia within 34 days (Figure 1 ). Experiment 2: Figure 2 summarizes the results of four different experiments. A total of 25 out of 33 (76%) control animals treated with saline and transplanted with allogeneic stem cells (C57) developed leukemia and died within 60 days, while in the fludarabine-treated group only nine out of 28 mice (32%) had leukemia within this period (P ¼ 0.006).
In 12 surviving mice treated with fludarabine regimens, autopsy was performed. In these animals without clinical evidence of leukemia, histopathology revealed that one had obvious leukemia in the spleen and liver, four had minor minimal residual disease, while seven of 12 had no signs of leukemia at all. GVHD was either totally absent or minor in the examined group (Figures 3-5) .
Of the 33 control mice, only eight had no clinical evidence of leukemia. Six of these underwent autopsy, which showed that five had obvious leukemia and one had tumorous extramedullary hematopoiesis. Five of the six controls had GVHD.
Experiment 3: All six control mice without any conditioning regimens developed leukemia within 19-31 days. In addition, nine out of 10 mice (90%) transplanted with syngeneic (F1) spleen cells post-fludarabine treatment developed leukemia within 22-59 days. However, after allogeneic transplantation with C57 spleen cells (postfludarabine treatment and Cy) only three of the 11 (27.3%) mice developed leukemia ( Figure 6 ) (P ¼ 0.0034).
Discussion
The results of the above studies provide the first experimental data in a murine leukemia model, which support the human observations recorded in leukemic patients after allotransplantation using fludarabine-containing regimens. Clinical data in humans have shown that fludarabine in combination with other agents is highly effective as Fludarabine and transplantation in murine leukemia L Weiss et al cytoreductive treatment for lymphoid leukemias, and can also cause host immunomodulation as well as sufficient immunosuppression for successful allotransplantation. 15, 18, 19 Indeed fludarabine has already become accepted as the anchor drug in these combination regimens for successful non-myeloablative stem cell transplantation in leukemias, lymphoma and in other malignancies. [19] [20] [21] [22] Despite the successful use of fludarabine in humans, until recently there is very little experimental evidence-based available data in animals that can be used as a parallel for the successful experience in human leukemia and transplantation.
In the studies reported here, fludarabine used in combination with cyclophosphamide achieved longer survival in allotransplanted mice with lymphocytic leukemia compared to syngeneic-transplanted animals or controls transplanted without fludarabine. In addition, these experimental animals also had less GVHD while the GVL effect was still maintained. These findings support our earlier observations with nonleukemic mice, showing that fludarabine impressively altered the incidence of GVHD transplanted across MHC barriers. 16 These earlier studies also showed that fludarabine can produce bilateral tolerance and stable chimerism after transplantation.
To the best of our knowledge, this experience is the only murine experimental data available providing information on the successful use of fludarabine, combined with cyclophosphamide for allogeneic transplant of murine leukemia. Most recently, Petrus et al 14 have shown that a fludarabine-containing regimen prevents mismatched murine marrow graft rejection, while Luznik et al 23 have also shown convincingly that a fludarabine-containing regimen can result in durable engraftment in incompatible murine donor transplants.
GVHD and its sequelae still remain a major complication in allotransplantation and the results of our study are indeed encouraging. The results of the present study and those of our earlier experiments 16 imply that effective and successful immunomodulation and immunosuppression can be achieved in allogeneic transplantation when fludarabine is used together with cyclophosphamide. These properties of fludarabine have already been successfully exploited not only in the treatment of indolent lymphocytic leukemias/lymphomas, but also as a major part of the nonmyeloablative conditioning regimen used for stem cell transplant in humans. After using fludarabine-containing regimens, a potential state of host-versus-graft tolerance is achieved with the induction of partial chimerism. The latter serves as a basis for more successful engraftment, more effective GVL and less clinical and histopathological manifestations of GVHD. 13, [19] [20] [21] [22] Experimental data certainly justify the use of fludarabine-containing regimens in human transplantation.
